At the request of the U. S. Bureau of Reclamation, an experimental comparison was made of thc scour produced in a bed of fin c sand in a sloping flume by muddy water and by clear water, in attempted simulation of the conditions existing in the Colorado River at the Boulder D am before and after construction.
always been heavily charged with fine silt, clay, and colloids up to a maximum of 10 percent by weight. It was expected that all of this material would be trapped in the new Boulder Reservoir, so that only clear water would be drawn off through the intake towers and discharged by the turbines into the river below. The Bureau of Reclamation wished to determine whether this clear water would cause a greater scour in the river bed than that caused by the original muddy water.
NATURE OF THE LABORATORY INVESTIGATION
Although it was not expected that this problem could be solved quantitatively in the laboratory, it was hoped that the experimental measurement of the difference in the scour produced in a bed of fine sand in a flume by clear water, and that produced by water containing clay in suspension, would throw some light on the problem. In this paper the clay suspension will be referred to as "muddy water" for brevity.
In establishing a criterion that would serve for both the clear-and muddy-water tests it was found necessary to distinguish between the ability of the water to scour its bed and its ability to transport bed load under constant conditions; that is, with the sand fed into the water upstream from the test bed at the same rate as that at which it is being carried away by the flowing water. In the actual river, prior to the construction of the dam, the conditions had to do with the transportation of sediment, whereas now the existing conditions have to do with the scour of the bed. Formerly the river not only carried suspended material, but also moved a considerable quantity of bed load; now it presumably carries neither suspended load nor bed load immediately below the dam. Strictly these same conditions should have been duplicated in the laboratory tests, but the difficulties involved in trying to determine and to feed into a stream of muddy water the same amount of sand that this stream is capable of transporting under given conditions appeared to be of such magnitude as to preclude the possibility of obtaining results on the particular comparison desired. It was therefore decided to restrict the problem still further and attempt merely to compare the scour that would result from passing a stream of muddy water over a sand bed with that which would be produced by a similar stream of clear water.
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Consequently no sand was fed into the flume during the investigation. This method of attack differs from that used by most investigators of sediment transportation, and accordingly the results obtained are not comparable with theirs.
MATERIALS USED
A quantity of typical Colorado River sand from Yuma, Ariz., was sent to the laboratory for the tests. As this sand appeared too fine to be used in developing the experimental procedure, a local commercial fine sand, referred to here as "asphalt sand", was obtained also. The asphalt sand was later divided into coarse and fine portions, as required by the experiments, by means of a large U. S. Standard no. 70 sieve (opening 210 microns).
The average size distribution of the particles of the suspended load or mud carried by the Colorado River was estimated from the records of the U. S. Bureau of Reclamation and publications of the U. S. Geological Survey [4] 2. After considerable search for a material for use in simulating this suspended load, a quantity of kaolin was obtained from Georgia. It was necessary for the kaolin to be finer than the actual suspended load in order to be maintained in suspension in the experimental flume. However, it was found later that a sufficient concentration of the undispersed kaolin could not be maintained in suspension until sodium carbonate was added as a dispersing agent. Particle-size distribution curves of the kaolin were determined by the pipette method [5] , and are shown in figure 1 .
For making the mechanical analyses of the materials, sieves 3 inches in diameter were constructed, and the weight of the samples was limited to 80 grams. At the beginning of the experiments the sieves were shaken by hand in accordance with ASTM pract.ice [7] , ..
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:., ... Colorado River sand .
• TYl)ical Colorado River bed silt, analysis fnrnished by U. S. Bureau of Reclamation. X Asphalt sand .
• Typical Colorado River stlspended load . .. Kaolin, tlndispersed. , Kaolin after dispersion. and later a machine was developed which produced results agreeing within plus or minus 2 percent of those obtained by hand. Analyses of the bed sands are shown in figure 1 .
Practically all of the Colorado sand was coarser than the openings in the U. S. Standard no. 325 sieve (44 microns), while practically all of the kaolin particles were finer. Consequently throughout the experiments the material coarser than the openings in this screen were classed with the sand or scoured material that moves as bed load, while all particles finer were classed with the clay or suspended load.
Photomicrographs of t.ypical samples of asphalt and Colorado sand are shown in figures 2 and 3. Both sands are seen to have fairly sharp grains differing mainly in size. The kaolin was found to consist of flat particles with rounded edges. The particles of kaolin coated and adhered to the sand grains in the test, as indicated in the photomicrographs.
A convenient average grain diameter for each sand was computed from curves similar to those in figure 1 . The area to the left of the analysis curve bounded by the coordinate axes and the 100-percent line was computed. The size in microns indicated on the x-axis, which corresponded to the equivalent rectangular area bounded by these lines was called the "average diameter" of the material. Values for the materials used are summarized in table 1 . This method of determining average diameter was found to correspond generally with that used by other investigators. -. 
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II. APPARATUS
The principal piece of apparatus used in this investigation was a wooden flume, adjustable in slope and supplied by an independent circulating system.
The flume itself, shown in figures 4 and 5, was 20 inches wide, 18 inches deep, and 40 feet long and was supported by adjustable steel jades upon the lower steel return channel or forebay. The test sand bed was placed in the flume opposite a glass panel section 8 feet long. Water levels were controlled by means of the inclined tail gate at the end of the flume and were measured by means of a point gage traveling on the top of the flume. Most of the sand scoured from the bed was caught in the sand trap placed at the end of the flume, but any fine sand that passed the trap was caught in the forebay below leading to the measuring weir. Provision was made for draining and drying the material caught in these traps. For the muddy-water experiments, the kaolin was added to the supply basin and was thoroughly stirred into the water being pumped up to the sand bed. 
III. EXPERIMENTS

GENERAL PROCEDURE
The general procedure was the same for most of the experiments. The sand bed was settled under water to eliminate air bubbles, and enough of the water was drained through the bed to allow the surface to be smoothed with a steel trowel. The tail gate was set, and the supply valve was adjusted until the slope of the water surface was approximately parallel to that of the bed. The scouring and riffling of the sand bed were studied through the glass panel. At the end of an hour the experiment was stopped, the flume slowly drained and the characteristics of the bed sketched and photographed. Samples of sand were taken from the bed, and the material in the traps was dried and sampled.
For the muddy-water experiments, the sand bed in the flume was settled in muddy water, and the clay in the supply basin was stirred !:;l thoroughly before each experiment. Four samples of the suspended load were taken during the experiment.
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PRELIMINARY EXPERIMENTS
A few experiments were made to determine the hydraulic properties of the flume before the sand bed was added. Various discharges were sent through the flume, and the slope of the water surface was measured, first with the flume level, and then with it adjusted to a slope of 0.0002.
The first sand bed tried was 30 feet long and consisted of the asphalt sand without any approach floor. It became evident immediately that no definite slope of the water surface could be maintained with this long bed. The progressive riffling of the bed caused a progressive increase in the slope, although the discharge was kept constant.
Shorter lengths of the sand bed were tried by constructing the approach floor shown in figure 4 . A finer sand, that sieved through the no. 70 sieve, was also tried but this only intensified the instability. The nature of the riffle formation was also found to vary widely over the length of the bed.
FINAL EXPERIMENTS
Finally, the sand bed was shortened to 8 feet, the coarse portion of the sand was used, the slope of the flume was increased to 0.001 to give higher velocities, and the procedure of the experiments was changed. For these tests the supply valve and tail gate were set in fixed positions at the beginning of each test and kept unchanged throughout its ,duration. The slope was measured with the point gage every 15 minutes during the test, which was allowed to run for an hour. Typical changes in the slope are shown in figure 6 for experiments 59, 70, 71, and 72.
Even with the short sand bed, as soon as scouring began at the upstream end of the bed and riffles began to form at its lower end, the ",! slope of the water surface became steeper over the downstream end of the bed. In order to maintain this slope, the water backed upstream and consequently increased in depth. A typical development of the slope is shown in figure 6 for experiment 59. It is seen that the steep part of the slope tended to move down toward the end of the bed, the water surface finally becoming somewhat curved in profile. This tendency was less pronounced when the amount of scour was small and when the mean velocity of the water was low.
Since the computed values of the mean velocity and tractive force depend on both the slope of the water surface and the depth of the water, both of which changed during a test, the method used to select representative values for the slope and depth was of considerable importance. When the coarse asphalt sand was used, the changes in slope and depth during a given experiment were small enough to justify selection of their average values for use in analyzing the results. However, for similar experiments made with the fine Colorado sand, these changes were too great to allow the use of the average. Consequently the assumption was made that the initial conditions would determine the characteristic scouring of the sand bed, and values of the initial slope and depth were determined from curves similar to those shown in figure 6 . These values were used in the computations.
After the clear-water experiments had been comfleted similar experiments were made with the muddy water. In al , 101 preliminary and 91 final experiments were made.
Vertical-velocity curves were measured occasionally with a simple glass Pitot tube.
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IV. RESULTS
The results were divided into (1) a study of the roughness coefficient (Manning's n); (2) types of sand movement as affected by the presence of clay in the water; (3) a quantitative study of the sand scoured; and (4) effect of silt on the flow of water. determined. For each final experiment, values of the average initial slope were determined from diagrams similar to those given in figure 6 , and the corresponding initial value of Manning's n determined. These values, which varied quite widely for the various sand beds, were averaged, and the results are shown in table 1 for general information. The average mean velocities corresponding to the conditions under which the values of n were obtained are shown also. The values obtained when there was sand in the flume were generally somewhat higher than for the flume without sand. However, no definite conclusions can be drawn as to these variations.
SAND MOVEMENT
Aside from no movement at all, only two general types of sand movement were observed in the experiments, although it is recognized that other types of movement may occur at velocities higher than those used in the tests. At a comparatively low velocity, the sand grains were observed to move along the top of the bed in a thin sheet, giving a distinctly flat appearance to the bed. At a somewhat higher velocity of the water, the sand moved along the bed in a series of waves or riffles traveling downstream. The condition of the bed when the flat or sheet type of movement just merged into the riffle type was definitely indicated in the experiments. This type of movement is defined here as "critical movement." This criterion agrees substantially with that called "general movement" by other investigators, for example, Kramer [8] and the U. S. Waterways Experiment Station [2] : the velocity at eritical movement is somewhat lower than that corresponding to the condition of "competence" defined by the Iowa Institute of Hydraulic Research [3] , and is different from that corresponding to the "competence" of Gilbert [25] .
For a given sand bed the critical movement was found repeatedly to take place at the same mean velocity of the water, which was defined therefore as the "critical velocity" for the particular sand.
Critical movement was observed visually through the glass panel and also by noting the condition of the bed after the experiment. It was determined by interpolation on the scour curves discussed below (figs. 12 and 13). Figure 7 , experiment 53, shows the appearance of the bed for critical movement for asphalt sand, and figure 8, experiment 106, shows it for Colorado sand.
The mean velocity and the tractive force 3 corresponding to critical movement for each of the various sands used are summarized in table 1 . The data show that the use of the clay caused an increase in the value of critical mean velocity and critical tractive force.
At higher velocities a definite scour took place in the sand bed, usually with its maximum depth just downstream from the beginning of the bed, with the edges of the scoured area rounded. The scoured material traveled smoothly on a slight upgrade to the center of the bed, and thercgfter in the form of riffles to the end of the bed. The scour for the muddy water differed somewhat in that the sand bed scoured away in small areas, leaving the edges sharp instead of rounded. Figures 9 and 10 show clearly the much greater scour produced by clear water than muddy water under otherwise similar conditions. In both of these experiments the bed was formed of asphalt sand and the mean velocity was 1.28 fps. However, in the experiment shown in figure 9 , clear water flowed over the bed, while in that shown in figure 10 , water containing dispersed kaolin flowed over the bed. The amount of material scoured in experiment 34 was about 26 times as great as that scoured in experiment 87. One reason for this large difference is to be found in the fact that the mean velocity in experiment 34 was above the critical velocity for asphalt sand and clear water, while in experiment 87, this same velocity was lower than the critical velocity for asphalt sand and water containing dispersed kaolin. (See table 2 A bed of Colorado sand is shown in figure 11 , experiment 108, for clear water at an initial mean velocity of 1.04 fps. The excessive scouring and riffling shown are in great contrast to those of the corresponding muddy-water experiments. At this velocity the latter exhibit a flat bed, generally similar to that shown in figure 8 , except for the small riffles.
QUANTITY OF MATERIAL SCOURED-SCOUR
The weight of material scoured out of the bed in 1 hour and caught in the traps divided by the area of the bed is defined as "scour." It is measured in pounds per square foot per hour.
Values of the scour for the asphalt-sand experiments with the clear water, and experiments with dispersed kaolin in the water are plotted logarithmically against the corresponding values of mean velocity in figure 12 . This figure shows that, in order to cause the same scour with the muddy water as with the clear water, an increase of about 25 percent in the mean velocity is necessary. The scour tends to be proportional to the tenth, or greater, power of the mean velocity, and the steepness of the curves further shows that a great increase in the scour may occur for a small increase in the mean velocity.
The experiments in which the bed movement took place in the form of a flat sheet are indicated in figure 12 by F, while those not so marked are for movement in riffles. The critical velocity at which a:
:I: the bed movement changes to the riffled form was determined from the figure and values of critical velocity are shown in table 1. Figure 13 in which scour is plotted against initial mean velocity, shows the results for the Colorado sand. The initial mean velocity was used here instead of the average mean velocity because of the unstable slope and depth due to excessive riffling of this fine sand as previously explained.
For those tests in which the depth of the water was small, a clearcut contrast exists between the results for clear water and those for relations between scour and discharge, bed velocity, energy head, the ratio of mean velocity head to the depth, depth, etc. The possibilities of correlating the results by using dimensionless variables were investigated and a comparison with the scour experiments of Nakayama [28] was also made without finding useful results. It is believed that the work of other investigators was based upon conditions in which bed material was added to the stream, and accordingly their results could not well be compared with those in the present investigation. [16] , Bucldey [24] , Gilbert [25] , and Parker [27] , opinions are very conflicting regarding the effect of adding silt in suspension on the flow of a clear stream under g-iven conditions. However, it is believed that the resulting small Increase in viscosity and density tends to increase the tractive force slightly and to cause a corresponding increase in the scouring power. On the other hand, a heavy load of suspended silt in the water lr.ys down a protecting mat of cohesive particles which fill the interstices at the top of the bed and thus enable it to resist scour. However, in the experiments with the asphalt sand and the coarser undispersed kaolin, when this mat was once broken through by the water, B greater scour resulted with the muddy water than with clear water. Nevertheless, in general, it was found that the clay tended to restrict the scour, as shown by the data in tables 1 and 2.
VELOCITY DISTRIBUTION
A few typical vertical velocity-distribution curves obtained by means of the Pitot tube are shown in figure 14 . The shape of the curves indicates that the distribution of the velocity in the flume is similar to that usually found in a typical open channel. Data for the studies with bed velocity and velocity ratios mentioned above were obtained from curves similar to these.
v. CONCLUSIONS
The results of the laboratory tests show that, in order to scour a given amount of sand when tho water contains fine clay in suspension, a greater velocity is necessary than when the water is clear. For the asphalt sand this increase in velo city amounted to 25 percent, while for the Colorado River sand it was much less, about 10 percent. It was p.lso show-n that a very considerable incrense in scour resulted from a very small increase in mean velocity above the critical velocity for the given sand.
Admittedly the labor atory results cannot be applied quantitatively to the Colorado R iver for many reasons. In the first place, the laws by which the results of the small-scale tests can be converted to the corresponding values for the full-sized river are not Imown for the complicated phenomena involved. Prior to the construction of the dam, large floods, with their relatively great scouring of the river bed, occurred periodically; whereas now that the dam has been constructed, the flow downstream will be regulated. The velocities in the actual river (4 to 10 fps) are much higher than in the test flume, while the river bed is practically the same. Material which could only be transported as bed load in the laboratory tests may be transported partly as bed load Bnd partly as suspended load in the actual river. However, the qualitative statement may be made that large volumes of clear water discharged onto a bed of Colorado River sand just below the Boulder Dam will tend to cause a greater scouring of the bed than did muddy water prior to the construction of the dam, first because the muddy water brought sn.nd and silt with it to compensate somewhat for the material scoured and carried away, n.nd second because, n.s the laboratory tests h Bve shown, clear water scours the bed more easily than does muddy water. It may be mentioned Blso, as pointed out by Rothery [11] gnd Stevens [12] , the clear-water stream may require a smaller gradient for a given flow than the muddy stream and consequently mBy have additionul capacity for cutting and transporting the sand from its bed. Since there is no large tributary for 80 miles below the Boulder Dam to provide additional bedload, this scour will probably tend to progress gradually do· wllstream.
A complete report on this investigation is available for loan.
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